Antibody therapy against antibiotics resistant Klebsiella pneumoniae infections represents a promising strategy, the success of which depends critically on the ability to identify appropriate antibody targets. Using a target-agnostic strategy, we recently discovered MrkA as a potential antibody target and vaccine antigen. Interestingly, the anti-MrkA monoclonal antibodies isolated through phage display and hybridoma platforms all recognize an overlapping epitope, which opens up important questions including whether monoclonal antibodies targeting different MrkA epitopes can be generated and if they possess different protective profiles. In this study we generated four anti-MrkA antibodies targeting different epitopes through phage library panning against recombinant MrkA protein. These anti-MrkA antibodies elicited strong in vitro and in vivo protections against a multi-drug resistant Klebsiella pneumoniae strain. Furthermore, mutational and epitope analysis suggest that the two cysteine residues may play essential roles in maintaining a MrkA structure that is highly compacted and exposes limited antibody binding/neutralizing epitopes. These results suggest the need for further in-depth understandings of the structure of MrkA, the role of MrkA in the pathogenesis of Klebsiella pneumoniae and the protective mechanism adopted by anti-MrkA antibodies to fully explore the potential of MrkA as an efficient therapeutic target and vaccine antigen.
Introduction
Klebsiella pneumoniae (KP) is an etiological agent for many serious nosocomial infections [1] . The increased incidences of infections caused by expanded spectrum antibiotics resistant KP strains coupled with dwindling antibiotics pipelines pose significant health challenges [2] . To combat such infections alternative strategies are being pursued in addition to identifying new antibiotics. Monoclonal antibodies represent a promising new class of anti-KP therapeutics as they employ a different protective mechanism and use different targets than those of antibiotics. However, the exquisite target specificity of antibodies often limits their usefulness due to a1111111111 a1111111111 a1111111111 a1111111111 a1111111111 their restricted coverage of only a small percentage of prevalent KP strains. For example, capsule and LPS are validated protective antigens [3] [4] [5] . There are more than 77 different capsule and 9 LPS serotypes [6, 7] , necessitating the inclusion of multiple components in a vaccine regimen and making the generation of antibodies, antibody combinations, and the formulation of the antibody combinations very challenging [8] . Thus, identification of protective antibody antigens shared by different KP strains is highly desirable for adopting an antibody based anti-KP strategy. A similar strategy was successfully used against Pseudomonas infection [9] . Despite extensive efforts using various approaches very few such targets have been discovered against KP. One such target, PNAG, was reported to be present on the surface of a wide collection of bacterial and fungal strains including KP, with anti-PNAG antibody F598 currently under clinical development [10] . Its impact on KP infection remains to be seen.
We reported in a previous study the identification of MrkA as a common protein antigen expressed by the majority of KP strains [11] . MrkA is a major component of the type III fimbria complex. It is involved in biofilm formation and establishment of infection [12] [13] [14] . Its amino acid sequence is highly conserved among the majority of enterobactereace strains analyzed. Using a target-agnostic approach we found that anti-MrkA antibodies generated from both hybridoma and phage display platforms displayed potent in vitro opsonophagocytic (OPK) activity, biofilm formation inhibitory activity and protective in vivo activities in reducing organ burden and extending survival after challenges with KP. It is expressed by more than 60% of clinical KP strains when screened against one anti-MrkA monoclonal antibody KP3 [11] . Interestingly, despite the apparently significant differences between the two antibody discovery platforms all the antibodies we identified targeted an overlapping epitope. It is important to understand if antibodies targeting different epitopes can be identified and demonstrate different protective profiles [15] .
To address these questions we made a concentrated effort to select anti-MrkA antibodies targeting different epitopes using phage display platform. We found that antibodies targeting different epitopes can be identified by panning naive human single-chain variable fragment (scFv) antibody phage libraries against purified recombinant MrkA protein. However, epitopes of all anti-MrkA mAbs fall within a narrowly restricted range. These antibodies displayed in vitro and in vivo activities that are comparable to the previously identified and characterized anti-MrkA antibody KP3. The combination of different antibodies did not have any additional benefit. These findings suggest that MrkA may play a complex role in KP pathogenesis and a better understanding of the mechanism may help to utilize anti-MrkA antibodies more efficiently as therapeutics and MrkA as a vaccine antigen.
Materials and Methods

Klebsiella pneumoniae strains and animal models
All KP strains and animal models used were as described in a previous study [11] . All animal experiments were conducted in compliance with the Animal Welfare Act and the Guide for the Care and Use of Laboratory Animals, National Research Council, 1996, in an AAALACaccredited rodent facility within MedImmune in accordance with approved IACUC protocol (MI-15-0026). After KP challenges animals were monitored twice daily for KP infectioninduced adverse effects including labored breathing, hunched posture, piloerection, and immobility, etc. for up to seven days. Upon the completion of the studies, surviving animals were euthanized by CO2 inhalation per GUID-0065.
Recombinant MrkA Protein preparation
His-tagged recombinant MrkA was expressed and purified as described previously for large scale production with modifications [11] . MrkA expressed in the E.coli host strain BL21(DE3) stayed mostly in the inclusion body. Buffer containing eight molar urea was used to solubilize MrkA, and the his-tagged MrkA was purified using HisTrap HP column (GE Healthcare) as described with the exception that denatured MrkA was loaded directly to the affinity column and purified under the denaturing condition without refolding first. Monomeric and oligomeric MrkA were eluted together without further separations. Eluted MrkA fractions were collected and dialyzed against PBS buffer and ready for biotin labeling and panning. For biotinlabeling, the labeling kit from Pierce was used and the manufacturer's protocol was followed.
Panning and screening
Panning selection was performed in a solution format using a Kingfisher automated system as described with modifications [16] . Naïve scFv phage display libraries used in this study were described previously [17] . Panning antigen MrkA was biotinylated and 0.3 μg was used in each of the first two rounds of panning. For selections that needed a third round, biotinylated MrkA was reduced to 0.1 μg. When the phage output was improved to more than 100 folds compared to that of the first round, panning selection was stopped and high throughput screenings were initiated.
The first round of screening was based on specific bindings to MrkA. scFv.Fc expressed through the pSplice.V5 vector in E.coli strain Top 10 (Invitrogen) was used in a homogeneous time resolved FRET (HTRF) based assay to screen for specific binders [18, 19] . Resulted MrkA specific binders were consolidated, sequenced, and the unique clones were used to prepare plasmids for mammalian cell transfection, scFv.Fc expression, and OPK analysis as described previously [18] . Those scFv.Fc clones showing positive OPK activities were binned based on a bio-layer interferometry (BLI) assay. Representative clone from each bin was converted to human IgG1 format for in-depth functional characterizations and MrkA mutational analysis.
Bio-layer interferometry (BLI) for affinity measurement and epitope binning
Clones that were positive in the binding and OPK assays were used in bio-layer interferometry based assay to assess their apparent affinities and relative binding epitopes.
For affinity measurement, two different formats were used. The first was to use an IgG against a mixture of monomeric and oligomeric MrkA. The second was to use a Fab against a monomeric MrkA. A ForteBio Octet QK384 instrument was used to study kinetics of the antiMrkA mAbs. All the assays were done at 200 μl/well in ForteBio 10x kinetic buffer at 30˚C. 0.3 μg/ml of biotinylated-MrkA was loaded on the surface of streptavidin biosensors (SA) for 400 s reaching levels between 1.0 and 1.5 nm followed by a 300 s biosensor washing step. Association of MrkA on the biosensor to the individual mAbs in solution (0.274-200 nM) was analyzed for 600 s. Dissociation of the interaction was probed for 600 s. Any systematic baseline drift was corrected by subtracting the shift recorded for a sensor loaded with ligand but incubated without analyte. Octet Data Analysis software version 8.0 was used for curve fitting with the binding equations available for a 1:1 interaction model. Global analyses were done using nonlinear least squares fitting. Goodness of fit for the data were assessed by the generated residual plots, R2 and χ2 values.
Epitope binning was done on a ForteBio Octet QK384. Biotinylated-MrkA was captured onto streptavidin biosensors and coated with testing mAbs (antibody bin) at a saturating concentration of 200 nM for 600 seconds. The epitopes of other mAbs were probed in relation to testing mAbs by assaying the testing mAb-coated biosensors in 100 nM each of the other mAbs together with equal concentration of the testing mAb. All graphs were overlaid and aligned at the baseline.
Peptide array analysis
An array of 12 peptides covering the full length mature MrkA protein from Klebsiella pneumoniae strain MGH78578 was synthesized(New England Peptide) excluding the signal peptide [20] . Each peptide has 20 amino acid residues, and except for the first and the last peptides each has five amino acid overlapping with flanking peptides. Each peptide also has biotin at its N-terminus. The peptide array is used to explore the binding epitopes of the anti-MrkA mabs by ELISA as described with modifications [21] . Briefly, an ELISA plate was coated with 5 μg/ml of neutravidin (Pierce) at 4˚C overnight. The plate was blocked with PBST (PBS + 0.1% Tween) supplemented with 4% BSA at room temperature for one hour. The plate was then incubated with 50 μg /ml of MrkA peptides at room temperature for one hour. Five μg/ml of the antiMrkA antibodies were then added to the peptide array and incubated for one hour. The plate was washed and goat anti-huIgG Fcγ-HRP (for phage clones) or anti-mIgG Fcγ-HRP (for hybridomas) (Jackson ImmunoResearch) were added. The plate was washed and TMB substrate (KPL, Gaithersburg, MD) and 0.1 N HCL stop buffers added. OD450 was measured in an Envision Multilabel plate reader (Perkin Elmer).
Flow cytometry analysis of antibody binding to Klebsiella pneumoniae
Bacteria was cultured in 2xYT broth overnight and then diluted into FACS buffer (PBS with 0.5% of Bovine Serum Albumin) to an approximate concentration of 2x10 7 CFU/ml. Bacteria (1x10 6 ) were incubated with anti-MrkA antibodies or with negative control antibody for 1 hour at 4˚C with gentle shaking in 96 well round bottom plates. Plates were washed with FACS buffer and centrifuged (3500rpm, 5min), followed by incubation with Alexa Fluor 647 goat anti-human IgG secondary antibody (Life Technologies). Plates were incubated in the dark for 1 hour at 4˚C with gentle shaking and washed twice with FACS buffer. Samples were measured in a BD LSR II (BD Biosciences) and analyzed using the FlowJo program.
Opsonophagocytic killing (OPK) in vitro activity assessment
Representative clones from each binning group including clones 1, 4, 5, and 6 were converted to IgG1, expressed, purified and analyzed in OPK assay. Briefly, log phase culture of luminescent KP strains (Lux) was diluted to~2x10 6 cells/ml. Bacteria, diluted baby rabbit serum providing complement (Cedarlane, 1:10), dimethylformamide (DMF) differentiated HL-60 cells or freshly isolated polymorphonuclear leukocytes (PMN) cells, and anti-MrkA IgGs were mixed in 96-well plates and incubated at 37˚C for two hours with shaking (250 rpm). The relative light units (RLUs) were then measured using an Envision Multilabel plate reader (Perkin Elmer). The percentage of killing was determined by comparing RLU derived from assays with no antibodies to RLU obtained from anti-KP mAbs and a negative control mAb.
Klebsiella pneumoniae in vivo challenge studies
For evaluation of the in vivo protective activities of the newly identified antibodies we used a previously established acute pneumonia models [11] . C57BL/6 mice were inoculated with 1-2x10 8 CFU of a multi-drug resistant isolate intranasally. KP3, a human IgG1 control antibody R347, and the newly identified anti-MrkA antibodies were given via intraperitoneal (IP) route either 24 hour prior to bacterial challenge for prophylaxis or one hour post bacterial challenge for therapy. Mouse survival was monitored daily for a minimum of five days until up to day 8. Survival data of representative experiment was plotted in Prism. In addition antibodies in various combinations were tested in the therapeutic model to see if synergistic effect could be achieved.
Results
Panning summary
For panning studies monomeric MrkA was not separated from oligomeric MrkA as we have shown in our previous study that both forms induced similar levels of protection when used as vaccine antigens [11] . Furthermore it was not clear which format would present protective epitopes better during the in vitro antibody selection process. After the second or third round of selection the panning output was improved to more than 100 fold compared to that of the first round. The panning output was converted to scFv.Fc in pSplice.V5 and subjected to high throughput screening [18] . The screening process is summarized in Fig 1. Starting with more than 4000 picked bacterial colonies we succeeded in isolating four different MrkA specific, OPK positive antibodies representing different binding epitopes. These four antibodies were converted to the human IgG1 format and subjected to further characterization. They were named anti-MrkA clones 1, 4, 5, and 6.
Antibody characterizations
The four clones 1, 4, 5, and 6 were expressed as human IgG1 in 293 free style cells (Invitrogen) and purified. While they maintained robust binding activities, it is apparent that the ELISA format impacted binding significantly. There was no difference in binding when recombinant MrkA was coated directly onto the ELISA plate representing an aggregated or multimeric form (Fig 2 left panel) , whereas clone 4 and 5 displayed weakened binding when biotinylated MrkA was captured onto the neutravidin coated ELISA plate suggesting their preference for the multimeric format (Fig 2 right panel) . The apparent affinities were measured between 3-10 nM (Table 1 ) by a bio-layer interferometry (BLI) method in an IgG format. Western blot data showed that all clones recognized the multimeric MrkA, either from KP extract or recombinant expression in E.coli predominantly (Fig 3A) . Clones 1 and 6 also recognized the monomeric MrkA from both endogenous and recombinant sources to certain extent in agreement with the ELISA data suggesting the preference of multimeric form of MrkA by clones 4 and 5 and to a lesser extent by 1 and 6 (Fig 2) . When monomeric MrkA was used in a BLI assay against the Fab format of the four clones it is surprising to find that only clones 1 and 5 retained binding activities to different levels whereas clone 4 and KP3 lost the binding entirely ( Table 2) . MrkA is especially intolerant to mutations and sub-clone and expression of fragments from MrkA often resulted in loss of multimeric format or no expression completely. Deletions of the N terminal 40 amino acids or the C terminal 32 amino acids resulted in the inability to form the multimeric form (Fig 3A, anti-his panel) . This is in agreement with a previous study suggesting the involvement of both N and C termini in the oligomer formation by a similar protein [22] . Similarly small deletions within the MrkA also resulted in the inability of MrkA to form the multimeric form or no expression (Fig 3B and data not shown) .
The fact that all the anti-MrkA mAbs prefer the multimeric form determined that mutational analysis was not an appropriate method for epitope analysis. Instead, we used a BLI based approach to study the relative positions of the epitopes of the mAbs. In binning experiments, IgG clone 1 appears to possess an epitope that is different from all others, whereas IgGs clone 4, 5, 6, and the clone identified from a previous campaign, KP3, showed epitopes that overlap to a limited extent as revealed by different binning set-up (Fig 4) . Clone 4 binding to MrkA was completely blocked in the BLI assay by all other antibodies but clone 4 failed to block the binding by others, suggesting that clone 4 possesses very unique epitope features (Fig  4) .
In parallel, we designed a peptide array with twelve 20-mers covering the full length of the mature MrkA (Fig 5A) . We failed to identify a single peptide that can account for the full binding activity by any of the antibodies against the full length recombinant MrkA. Instead we observed consistently that peptide 2 and 5 displayed weak bindings by the majority of the antibodies we have identified. No other peptide showed any activity (Fig 5B upper panel) . Interestingly both peptide 2 and 5 carry a cysteine residue (Fig 5B lower panel) . Crystal structure of a similar protein FimH from E.coli showed the disulfide bond formation between the two cysteines in the similar positions [22] . Furthermore, when we mutated either of the cysteine to alanine we did not detect any expression (data not shown) consistent with a previous study with KP MrkA [20] . In the absence of a crystal structure, our data provide the best indication that MrkA adopts a similar compact structure to FimH with the disulfide bond playing an essential role [22] . Residues surrounding the two cysteines as represented by peptides 2 and 5 are likely brought to close proximity and make up the discontinuous epitopes for the antibodies we have isolated. It is surprising to find that other regions represented by the rest of the peptides failed to elicit any antibody despite all the efforts, suggesting a very restricted accessibility.
OPK activity is important for in vivo protection
In order to understand the roles of OPK activity for in vivo protection, we generated KP3 IgG with TM mutations in the Fc fragment to eliminate its effector functions [23] . The OPK activity was reduced significantly (Fig 6A) and the reduction in OPK activity corresponded to a reduction in protection in an in vivo challenge model (Fig 6B) . However, neither the OPK activity nor the in vivo protection was completely eliminated. These data suggest that OPK is important to the protective mechanism of the anti-MrkA antibody KP3. To determine whether the antibodies bind to KP, flow cytometry analysis was performed against live bacteria of different serotypes. We found that all four new antibodies recognized the three isolates tested. Even though each antibody bound to different isolates to different extent, there were no significant differences among the antibodies (Fig 7) . Furthermore, selected isolates were inoculated by intranasal route, and bronchalveolar lavage was collected three hours post infection. We then analyzed the anti-MrkA antibody binding to these in vivo passaged bacteria. We confirmed that anti-MrkA mAbs bound to the in vivo grown bacteria in the same fashion as the in vitro culture grown bacteria (data not shown).
Antibody characterization by OPK assay
Clones 1, 4, 5, and 6 were selected for further analysis due to their different epitopes and positive OPK activity in the scFv-Fc format during the screening process. We performed OPK analysis with their IgG1 counterparts, and they all displayed positive OPK activity comparable to that of KP3 against KP of different serotypes (Fig 8) .
Antibody protective effects in an in vivo challenge model
Reflecting their comparable bacterial binding and OPK activity, all newly identified antibodies displayed similarly potent in vivo protective activity in a prophylaxis model (Fig 9A) . At 1 mg/ kg dose all antibodies conferred near complete protection. However, in a therapeutic model, only modest protection was seen at a dose as high as 5 mg/kg (Fig 9B) . There did not seem to 
Combinations of antibodies did not show additional protective effect
Antibody combinations in the anti-bacterial field have achieved some very promising results. Thus combinations of the anti-MrkA antibodies were investigated. We failed to observe significant additive or synergistic effects when we combined KP3 with either of the two newly identified antibodies clones 1 and 5 (Fig 10) . More complex combinations with up to three mAbs also failed to show any additional benefit (data not shown).
Discussions
In an effort to develop an antibody based therapy that is broadly applicable to treatment of infections caused by KP strains of different serotypes, we identified MrkA as a potential target through an agnostic approach. MrkA is an appealing target due to its broad strain coverage and we have shown that anti-MrkA antibodies possess protective activities in vivo. One interesting observation during the agnostic identification of the protective antibodies was that they all targeted an overlapping epitope. It has been well established that epitopes play important roles in determining the various biological functions of monoclonal antibodies. Additionally, it has been demonstrated in different therapeutic areas that combination of antibodies possessing different epitopes can have potent biological activities that are not possessed by any of the individual monoclonal antibodies. In this study we attempted to understand if epitopes are a critical factor in deciding antiMrkA antibody protective effects by identifying and comparing antibodies targeting non-overlapping or minimally overlapping epitopes on MrkA. In addition, we tested whether a combination of antibodies directed against different epitopes could contribute to better protection than that conferred by a single monoclonal antibody. Unlike what has been elegantly described for anti-Botulinum toxin [24] , against which the combination of three different monoclonal antibodies targeting different epitopes displayed potent protective activities, we failed to observe any beneficial effect by combining two or three anti-MrkA antibodies. This is likely due to the different protective mechanisms used by the antibodies against the two targets. Antibodies against botulinum protect the host through an increase in functional affinities and/or better inhibition of toxin interactions with the cell surface. Synergistic activities have been observed with oligoclonal antibodies against other targets including tetanus toxin and HIV [25, 26] . In addition, such activities were also reported for oligoclonal antibodies against a target with autoimmune disease indications [27] . It has not been established that it is the same case with OPK activity. From our current study there appears to be a lack of such a correlation. There have been reports that antibodies targeting different antigens on the same pathogen can benefit from combinations [28] . It is likely that the outcomes of combinations are antigen dependent. Additionally we observed that dose response did not always hold true for all the anti-MrkA antibodies in in vivo protection models and this adds another layer of complexity as the optimum doses to be used in antibody combinations for each of the mAbs are not straightforward. Finally, our results showed that the epitopes of all the anti-MrkA mAbs are in close proximity even if they are different such as clone 1. This combined with the multimeric feature of MrkA may contribute to reduce some of the beneficial effect brought about by combining antibodies targeting drastically different epitopes as seen with anti-botulinum antibodies. Clearly, more research is required to understand if The newly identified antibodies were tested in in vivo challenge models under both prophylaxis and therapeutic settings. In the prophylaxis setting antibodies were given 24 hours prior to KP challenge (7A), whereas in the therapeutic setting antibodies were given one hour after KP challenge (7B). There were eight animals in each group. R347 is a human IgG 1 isotype control. and how OPK activity-based antibodies can benefit from such a combination targeting antigens of different nature.
Another intriguing observation is that there was a lack of direct correlation between antiMrkA antibody binding intensity to the bacteria and their in vivo protective effect. Although both in vitro and ex vivo binding displayed similar patterns by our anti-MrkA mAbs, we cannot rule out the possibility that at unknown stages of infection the binding could be different among different isolates. We did observe in flow cytometry experiment that despite the positive bindings by anti-MrkA antibodies to a wide collection of KP isolates, there were various percentages of bacteria that were negative in binding within each population. It would be interesting to study these subpopulations and understand if they constitute anti-MrkA antibody resistant mechanism. All these require further investigation of the roles of MrkA in the process of infection establishment, pathogenesis, and expression dynamics. There has been a lack of anti-MrkA mAbs until recently when we generated a collection of mAbs targeting different epitopes of MrkA. These should be powerful tools for in depth studies of KP pathogenesis and helping to develop the most potent anti-KP antibodies. Meanwhile these antibodies should help to delineate the very interesting and complex structural features of MrkA.
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